Chronic kidney disease (CKD) is a major public health concern due to the high prevalence of associated cardiovascular (CV) disease. CV mortality is 10-30 times higher in end-stage renal disease patients than in the age-adjusted general population. The last 20 years have been marked by a huge effort in the characterization of the vascular remodeling process associated with CKD and its consequences on the renal, CV and general prognosis. By comparison with patients with normal renal function, with or without hypertension, an increase in large artery stiffness has been described in end-stage renal disease as well as in CKD stages 2-5. Most clinical studies are consistent with the observation that damage to large arteries may contribute to the high incidence of CV disease. By contrast, the impact of large artery stiffening and remodeling on CKD progression is still a matter of debate. Concomitant exposure to other CV risk factors, including diabetes, seems to play a major role in the association between aortic stiffness and estimated GFR. The conflicting results obtained from longitudinal studies designed to evaluate the impact of baseline aortic stiffness on GFR progression are detailed in the present review. Only pulse pressure, central and peripheral, is almost constantly associated with incident CKD and GFR decline. Kidney transplantation improves patients' CV prognosis, but its impact on arterial stiffness is still controversial. Donor age, living kidney donation and mean blood pressure appear to be the main determinants of improvement in aortic stiffness after kidney transplantation.
Introduction
The growing prevalence of chronic kidney disease (CKD) and the severity of the comorbidities associated with this disease help identify CKD as a major public health concern. CKD is defined as abnormalities of kidney structure and/or function, present for at least 3 months, with implications for health ( table 1 ) [1] . Incidence and prevalence differ between countries from 10 to 20%. Within countries, subgroups are at increased risk of developing CKD; for example, Black and Asian people in the UK, and Black, Hispanic and Native Americans in the United States [1, 2] . In developed countries, hypertension and diabetes contribute mainly to the occurrence of CKD, whereas in Asia, glomerulonephritis and unknown origins are mostly observed. In countries with low outcome, infectious diseases represent a common cause. Genetic abnormalities, including variations in MYH9 and APOL1, which are associated with nondiabetic CKD in African patients [3] , and environmental factors such as analgesic abuse or herbal medications [3] , are also involved.
The severity of CKD is mostly due to the high prevalence of cardiovascular (CV) disease. CKD patients are more likely to die from CV disease than progress to end-stage renal disease (ESRD), requiring dialysis or transplantation [4] . CV mortality is 10-30 times higher in ESRD patients than in the age-adjusted general population; 30-60% of ESRD patients die from CV diseases [5] . In earlier stages, the risk of fatal or nonfatal CV events increases inversely with the level of estimated GFR (eGFR) [6] below the threshold of 75 ml/min/1.75 m 2 and/or with the level of albumin-to-creatinine ratio above the threshold of 5 mg/g [7] . The presence of residual renal function, even at a low level, is associated with a lower mortality risk in hemodialysis patients [8] , underlying the impact of kidney function on CV prognosis. Furthermore, the presence of CV disease worsens the short-and long-term prognosis of CKD [8] as shown in a recent large cohort study comprising 2,964 CKD patients, with a follow-up time of 2.76 years, where CV events were associated with a significant increase in the risk of ESRD and all-cause mortality before ESRD [9] .
The high prevalence of traditional CV risk factors in CKD patients, such as diabetes and hypertension, partly explains these observations. Indeed, the association between CV events and GFR persists after adjustment with traditional CV risk factors, emphasizing the role of CKD per se. In addition, in advanced stages of CKD, interventional trials targeting traditional CV risk factors failed to improve survival [10] [11] [12] [13] . These observations suggest that nontraditional uremia-linked risk factors, including mineral bone disorders, anemia, increased activity of the renin-angiotensin system and sympathetic nerve activity, inflammation and oxidative stress, may play a significant role in the increased CV risk observed in CKD patients [14] . This uremia milieu, including toxins and accumulation of posttranslational modified proteins, affects vascular tissue and impacts vascular geometric and functional properties. 1  >90  A1  <3  2  6 0 -89  A2  3 -30  3A  45 -59  A3  >30  3B  30 -44  4  1 5 -29  5  <15 ACR = Albumin-to-creatinine ratio. The last 20 years were marked by a huge effort in the characterization of the vascular remodeling process associated with CKD and its consequences on renal, CV and general prognosis. If the majority of the clinical studies are consistent with the observation that large artery damage may contribute to the high incidence of CV diseases [15] [16] [17] [18] , the impact of large artery remodeling on CKD progression is still a matter of debate. In the present review, we will describe the large artery remodeling observed in CKD and its impact on renal, CV and general prognosis ( table 2 ). The discrepancies between clinical studies about the relationship between arterial remodeling and stiffening and CKD progression will be discussed.
Arterial Stiffening and Remodeling, General View
The physiological and pathophysiological roles of arterial stiffness have been widely described in several reviews [19] [20] [21] as well as the methodological issues concerning the measurement of stiffness and remodeling parameters [22] [23] [24] . The basic principles will be only briefly described in the present review.
The two main functions of the arterial system are to ensure adequate blood flow transmission to tissues and organs -the conduit function -and to buffer pressure and pulsatile flow oscillations -the cushioning function. The efficiency of these functions depends on the geometric and viscoelastic properties of the arterial system. The cushioning function can be defined as the ability of the large arteries to buffer pressure and to transform cyclic blood flow in the aorta into continuous capillary flow. An increase in large artery stiffness is associated with an increase in cardiac work, arterial pressure oscillation transmission to the microcirculation and organ damage, including the kidneys [19, 21] ( fig. 1 ). In agreement with these observations, many studies have emphasized the impact of arterial stiffness on CV and general prognosis in different populations, including patients with diabetes, hypertension and the general population [16, [25] [26] [27] [28] .
In addition to arterial stiffening, the arterial wall undergoes a remodeling process in response to an increase in pressure or flow, in order to normalize circumferential wall stress. Circumferential wall stress (kPa) is calculated according to the Lamé equation as mean blood pressure × radius/thickness. The spectrum of structural alteration in response to an increase in pressure includes hypertrophic inward or outward remodeling resulting from an increase in muscle mass and eutrophic remodeling resulting from the rearrangement of cellular and noncellular elements [29] . [19] with permission from Elsevier. The CRIC study [42] RRI-CKD [45] Lilitkarntakul et al. [47] , study population divided into 5 groups (CKD stages 1 -5)
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Arterial stiffness can be directly measured regionally and locally. Carotid-femoral pulse wave velocity (PWV) measurement has been recommended by expert consensus as the most simple, robust and reproducible method [23] . Carotid-femoral PWV evaluates the elastic properties of the descending and abdominal aorta and the iliofemoral segment. It is calculated from the measurements of pulse transit time (seconds) and distance (meters) travelled by the pulse between the carotid recording site and the femoral recording site using the footto-foot velocity method. Reference values have been recently published in a large collaborative study of 16,867 subjects and patients [30] . Carotid-femoral PWV measurement was recommended for the management of hypertension by the 2007 [31] and 2013 [32] European Society of Hypertension -European Society of Cardiology Guidelines. An interface is now available to assess a given measurement of arterial stiffness relative to known reference values [33] .
Local arterial stiffness and remodeling can be measured noninvasively by high-resolution echotracking systems on the femoral, brachial, radial and carotid arteries. These devices have been developed to measure intima-media thickness, internal diameter and stroke change in diameter with a high level of precision. Simultaneous measurements of central pulse pressure and stroke change in cross-sectional areas are used to calculate arterial distensibility.
In the present review, we will focus on aortic stiffness measured by carotid-femoral PWV in CKD patients and its impact on renal and CV prognosis.
Aortic Stiffness and CKD
In CKD, the most common arterial lesions are both occlusive lesions affecting the intima -atherosclerosis -and remodeling lesions affecting the media -arteriosclerosis -resulting in an increase in arterial stiffness and diameter [34] . Atherosclerosis is highly prevalent in CKD patients [35] with specific features of atherosclerotic plaques characterized by a higher prevalence of calcified plaques and the importance of inflammatory markers. In the present review, we will focus on arteriosclerotic lesions.
Aortic Stiffness and ESRD
In stage 5 CKD patients in dialysis, blood pressure profile is characterized by an increase in systolic blood pressure with normal or low diastolic blood pressure resulting in an increase in pulse pressure [36] . This blood pressure pattern is consistently associated with an increase in large artery stiffness, as extensively described by London et al. [15] . Arterial stiffening is more pronounced in central arteries relative to peripheral muscular arteries, resulting in accelerated reduction in impedance mismatch and of buffering capacity to lower pulsatile pressure transmission to peripheral microcirculation [19] . Fortier et al. [37] recently demonstrated that aortic-brachial arterial stiffness mismatch was strongly and independently associated with increased mortality in ESRD patients. Arterial stiffening progresses rapidly over time in hemodialysis patients. The annual rate of change in carotid-femoral PWV was 0.84 m/s per year [95% confidence interval (CI), 0.50-1.12 m/s per year] in a prospective cohort of 109 hemodialysis patients with a mean follow-up of 1.2 years [38] .
Aortic Stiffness and CKD Stages 2-5
An increase in aortic stiffness was also observed at earlier stages, from stage 2 to 5, compared with hypertensive patients or healthy subjects, as shown in the NephroTest cohort [39] or by Shinohara et al. [40] . Within the CKD population, conflicting results have been published regarding the association between GFR levels and aortic PWV ( table 1 ) . Wang et al. [41] studied the relationship between carotid-femoral PWV and eGFR in 102 patients with stage 1-5 CKD and showed a significant trend for a stepwise increase in carotid-femoral PWV corresponding to CKD stages. In the multivariate model, decreased eGFR was independently associated with an increase in carotid-femoral PWV. An independent association between eGFR and carotid-femoral PWV adjusted for waist circumference was also shown in 2,564 patients (mean age 60.7 ± 10.9 years, mean eGFR 40.7 ± 15.9 ml/min/1.73 m 2 ) from the CRIC (Chronic Renal Insufficiency Cohort) ancillary study [42] . In the CRIC study, carotid-femoral PWV was also an independent determinant of proteinuria in the whole study population (n = 2,144) [43] . The independent association between arterial stiffness and eGFR in CKD patients has been confirmed in other clinical studies [44] including the RRI (Renal Research Institute)-CKD study [45] . However, the relationship between aortic stiffness and GFR is not so obvious. For example, in the RRI-CKD study, two groups of patients were considered regarding the level of GFR: a higher GFR group (eGFR between 60 and 90 ml/min/1.73 m 2 ) and a lower GFR group (eGFR between 60 and 5 ml/min/1.73 m 2 ). Interestingly, after adjustment for age and systolic blood pressure, an independent association between carotid-femoral PWV and eGFR was seen only in the higher GFR group but not in the lower GFR group. The same observation was made in the NephroTest study where eGFR was an independent determinant of PWV only in the whole population, including CKD patients and hypertensive patients with eGFR >60 ml/ min/1.73 m 2 (n = 216), but not within the CKD population (n = 95) [39] . In the NephroTest cohort, longitudinal follow-up of aortic stiffness progression in CKD patients confirmed the results of the cross-sectional study in this population with an absence of aortic stiffness progression during CKD progression [46] . In a population of Scottish CKD patients with minimal comorbidities, the significant association between eGFR and aortic PWV seen in univariate analyses disappeared after adjustment for CV risk factors [39, 47] , emphasizing the effect of comorbidities on arterial stiffening in CKD patients.
The relationship between aortic stiffness and eGFR was also assessed in cohorts with less severe impairment of renal function. 767 patients with reduced renal function (mean eGFR 60.6 ml/min/1.73 m 2 ) were studied within the framework of the Hoorn study [48] . No independent association was found between eGFR and aortic stiffness. Conversely, in a population study performed by Mourad et al. [49] involving 1,290 subjects with normal and impaired kidney function, an inverse relationship between eGFR and carotid-femoral PWV was only seen in those with the lowest tertile of eGFR.
The main differences between these clinical studies are the number of included patients which varies from 50 to 2,564 [42, 44] and the clinical characteristics of the study populations ( table 2 ). In all of these studies, except in the Hoorn study, arterial stiffness was evaluated by carotid-femoral PWV measurement using a tonometer, the gold standard method according to expert consensus documents [23, 24] . However, in the CRIC study, adjustment to waist circumference was added because they showed an artifactual increase in carotid-femoral distances in patients with large waist circumferences. This procedure did not impact the relationship between eGFR and carotid-femoral PWV [42] . The main clinical characteristics of the patients included in the clinical studies described above are detailed in table 2 . Briefly, the study populations are not all comparable in terms of comorbidities. The patients included in most of the studies showing no independent association between carotid-femoral PWV and eGFR are characterized by the low prevalence of comorbidities. The most remarkable difference between studies is the proportion of diabetic patients, which goes from 0 [47] and 11% in the NephroTest cohort [39] to 45% in the CRIC study [42] . The observations made by Weir et al. [43] in the CRIC study illustrate the importance of diabetes in the relationship between aortic stiffness and kidney damage. Indeed, they showed that carotid-femoral PWV was an independent determinant of proteinuria in the subgroup of diabetic patients but not in nondiabetic patients.
In addition, it is worth noticing that in most of these studies, the variation in PWV explained by eGFR is very low, around 2% [39, 45] . Most of the variation was explained by age and CV risk factors. The higher PWV observed among CKD patients might be primarily due to CV risk factors rather than renal impairment per se. Individual meta-analysis could help to disentangle the impact of CV risk factors on the relationship between eGFR and aortic stiffness.
Impact of Aortic Stiffness on CKD Progression
Kidney perfusion is physiologically characterized by low resistance and high flow. Glomerular capillaries are protected from the barotrauma induced by increases in blood pressure by a combination of two autoregulatory mechanisms, a faster myogenic and a slower tubuloglomerular feedback system. However, pathological situations such as sustained hypertension, kidney disease or vascular damage alter these protective mechanisms. Renal autoregulatory impairment may enhance susceptibility to hypertensive renal injury [50] . According to these physiological principles, increase in aortic stiffness should be associated with faster GFR decline. However, as detailed below, conflicting results have been published about the impact of arterial stiffness on CKD progression in CKD cohorts ( table 3 ) .
In the NephroTest cohort, 180 patients were included in a longitudinal follow-up (4.6 years) study of arterial parameters, measured GFR ( 51 Cr-EDTA renal clearance) and CV event recording. No association was shown between baseline aortic stiffness and GFR decline in a mixed model regression analysis [46] . The same observation was made by Baumann et al. [51] in a cohort of 135 CKD patients (mean follow-up 42 months, mean eGFR 41.1 ml/ min/1.73 m 2 ). On the other hand, in a prospective cohort (follow-up 1.5 years) of 120 patients (mean age 69 ± 12 years) at stages 3-4 CKD (baseline eGFR 32 ± 11 ml/min/1.73 m 2 ), aortic PWV was significantly associated with the gradient of reciprocal creatinine plot, monitoring change in eGFR. In this study, aortic PWV was also an independent predictor of the combined renal endpoint of >25% decline in eGFR or initiation of renal replacement therapy. It is worth noticing that age and basal eGFR were not included in the stepwise multiple linear regression model of factors independently associated with the decline of renal function [52] . More generally, confounding parameters included in the multivariate models vary among studies ( table 3 ). An effort towards standardization could help compare the results of these studies. Longitudinal data from the CRIC study will provide useful information about the impact of aortic stiffness on CKD progression in a large cohort of CKD patients.
Most population-based studies are consistent with an impact of aortic stiffness on incident CKD but not on CKD progression. In The Health ABS study, which included 2,129 older adults (mean age 74 ± 3 years, mean eGFR 79 ± 19 ml/min/1.73 m 2 , median follow-up 8.9 years), carotid-femoral PWV was not associated with rapid GFR decline but with incident CKD [53] . This was confirmed in a recent general population study in which aortic stiffness was associated with incident CKD but not with GFR decline. More precisely, pulse pressure, carotid stiffness and aortic stiffness were measured in 3,666 participants of the Rotterdam study. The mean follow-up was 11 years. 601 incident CKD cases were registered. Each SD higher carotid-femoral PWV was associated with a 7% higher risk of incident CKD (95% CI, 1.00-1.14). No association was seen between carotid-femoral PWV and kidney function decline. Only carotid stiffness was independently associated with GFR decline [54] . The longitudinal analyses of the Framingham Heart Offspring cohort (n = 1,675 and n = 1,252, followup 7-10 years) are the exception since they did not show an association between baseline carotid-femoral PWV and incident CKD or incident microalbuminuria [55] .
Despite controversial results from CKD cohorts and a population-based study about the impact of aortic stiffness measured by carotid-femoral PWV on renal injury, most clinical and epidemiological studies confirmed that brachial and/or central pulse pressure exerts a negative impact on the kidney, on the rate of GFR decline [46, 53, 55] , on incident ESRD [46] and CKD [53] .
Looking only at arterial stiffness may provide a limited view of the arterial disease associated with CKD. In CKD patients, arterial remodeling has been characterized by outward No independent association between CF-PWV and GFR decline Each SD higher CF-PWV was associated with 7% higher risk in incident CKD Independent association between peripheral pulse pressure and GFR decline Independent association between peripheral pulse pressure and incident CKD
Figures in parentheses indicate SD. BMI = Body mass index; SBP = systolic blood pressure; DBP = diastolic blood pressure; MBP = mean blood pressure; uPCR = urinary protein-to-creatinine ratio; CF-PWV = carotid-femoral PWV; CHD = coronary heart disease; HR = heart rate; CT = cholesterol; TG = triglycerides.
remodeling with an enlargement of lumen diameter [39, 48] . Outward remodeling may be a defense mechanism to prevent the loss of buffering capacity in the event of a decrease in distensibility. However, in CKD patients, arterial enlargement was not associated with arterial thickening. This feature defines pressure-unadapted arterial remodeling [19, 39] and leads to an increase in circumferential wall stress according to the Lame equation. The longitudinal follow-up of aortic and carotid remodeling parameters in the NephroTest cohort confirmed that unadapted arterial remodeling progressed over time with a significant increase in lumen diameter and circumferential wall stress, and a significant decrease in carotid intima-media thickness. Interestingly, the rate of intima thickness decline was fast (-22 μm/year) and matched the increase in intima-media thickness observed in high CV risk patients without CKD, but in an opposite way [46, 56] . The mechanisms underlying the defect in arterial wall thickening are unclear. Accelerated extracellular matrix turnover, a lack of vascular smooth muscle cell proliferation or excess apoptosis have been suggested. This process impacts patient prognosis since circumferential wall stress has been independently associated with a higher rate of GFR decline.
Impact of Aortic Stiffness on CV and General Prognosis
Numerous lines of evidence link arterial stiffness measured by carotid-femoral PWV and general and CV prognosis in the general population and in different subgroups of patients including, among others, essential hypertensive patients [26, 27] , patients with type 2 diabetes [25] and elderly subjects [28] .
In ESRD, increased arterial stiffness, determined by the measurement of carotid-femoral PWV, is a powerful independent predictor of all-cause mortality and CV events in hemodialysis patients [16, 57, 58] and peritoneal dialysis patients [59] . Improvement of carotidfemoral PWV has been associated with a better general prognosis in hemodialysis patients [60] .
The same observations have been published in patients with stages 2-5 CKD. In the Atherosclerosis and Folic Acid Supplementation Trial, 315 patients with CKD stages 4-5, mean age 56.6 ± 13.6 years, had indices of arterial stiffness measurements, including aortofemoral PWV, systemic arterial compliance and carotid-derived augmentation index, and CV event recording during a median follow-up of 3.6 years. After adjustment for classical CV risk factors, aortofemoral PWV remained the only independent predictor of CV events [61] . In the NephroTest cohort, carotid-femoral PWV was also an independent predictor of all-cause mortality [for 1 SD, Cox model-derived relative risk (95% CI), 1.48 (1.09-2.02)] and fatal and nonfatal CV events [for 1 SD, Fine and Gray competing risks model-derived relative risk (95% CI), 1.35 (1.05-1.75)]. Interestingly, the net reclassification improvement index was significant, meaning that measuring carotid-femoral PWV in CKD patients improves the prediction of risk beyond classical CV risk factors [17] . An association between aortic stiffness and CV events was also seen in the CRIC study [18] .
Aortic Stiffness Progression after Renal Transplantation
The renal transplant recipient population is a very specific population in whom renal function is greatly improved compared with ESRD patients, even if the restoration of normal GFR is often incomplete. Renal transplantation improves survival and decreases CV events compared with hemodialysis [62, 63] , but CV risk is still high compared with the general population. Indeed, this population is exposed to nontraditional CV risk factors related to the donor and recipient: donor factors such as age, renal and vascular status, graft rejection and immunosuppressive drugs [64] [65] [66] . In renal transplant recipients, aortic PWV is also a strong and independent predictor of all-cause mortality and CV events [67, 68] .
The evolution of arterial stiffness and remodeling markers after renal transplantation is still a matter of debate [64, 65] . The improvement of aortic stiffness in kidney transplant recipients is not obvious. Donor age, improvement of blood pressure and donor characteristics -living/cadaveric -are major determinants of aortic stiffness progression after transplantation. Delahousse et al. [64] measured carotid-femoral PWV in a cohort of 74 cadaveric kidney recipients at 3 and 12 months after transplantation. At 3 months, mean eGFR was 65 ± 18 ml/min/1.73 m 2 and at 12 months 68 ± 22 ml/min/1.73 m 2 . In the entire population, carotid-femoral PWV did not change significantly between 3 and 12 months. By contrast, carotid-femoral PWV decreased by 0.43 m/s between 3 and 12 months in recipients with young-donor kidney but increased in recipients with old-donor kidney. The association between carotid-femoral PWV and donor age was independent of recipient age, gender, mean blood pressure, pretransplantation dialysis duration, CV risk factors and eGFR [64] . In another cohort of 36 renal transplant recipients (mean age 46 ± 11 years, mean eGFR at 12 months 60 ± 16 ml/min/1.73 m 2 ), carotid-femoral PWV significantly improved 1 year after transplantation. However, carotid-femoral PWV change was no longer significant after adjustment to blood pressure [69] . In a recent communication at the European Society of Hypertension meeting in 2015, Karras et al. [70] emphasized the impact of live organ donation on arterial remodeling parameter improvement 12 months after kidney transplantation.
Conclusion
Aortic stiffness is increased in CKD at any stage and in transplant recipients. Its impact on general and CV prognosis is widely accepted. Carotid-femoral PWV measurements even improve the prediction of CV risk in CKD patients beyond the traditional and renal CV risk factors. However, conflicting results have been published about the relationship between aortic stiffness and eGFR within the CKD population. The heterogeneity of the CKD study population partly explains these observations. Individual meta-analyses may help to disentangle the relationship between aortic stiffness and eGFR in different subgroups of CKD patients.
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